Isolated gonadotropic deficiency or isolated hypogonadotropic hypogonadism is defined as a low sexual hormone secretion by the gonads associated with low LH and FSH plasma levels. Kallmann syndrome is defined as a congenital isolated gonadotropic deficiency associated with anosmia whereas the phenotype of the idiopathic form is limited to the gonadotropic axis. For several years, it has been known that mutations of the KAL-1 gene or loss-of-function mutations of GnRH receptor did not explain all familial cases of isolated gonadotropic deficiency with or without anosmia. Thus the existence of other genes playing a major role in the physiology of the gonadotropic axis was highly suggested. In 2003, fibroblast growth factor receptor 1 (FGFR1) and GPR54 were shown to be two of these genes. FGFR1 loss-of-function mutations were reported in Kallmann syndrome whereas inactivating mutations of GPR54 were described in the idiopathic form of the gonadotropic deficiency. These genetic studies have opened up a new chapter in the physiology and the pharmacology of the gonadotropic axis.
Introduction
The integrity of the gonadotropic axis leads to normal sexual differentiation during fetal life and puberty, and therefore normal fertility. Hypogonadotropic hypogonadism (HH) or gonadotropic deficiency is defined by low gonadal sexual hormone plasma levels associated with normal or low follicle-stimulating hormone (FSH) and luteinizing hormone (LH) plasma levels. Congenital HH may be isolated or combined with other hormonal deficiencies. Association of gonadotropic deficiency with anosmia defines Kallmann syndrome whereas a normal sense of smell defines idiopathic HH (IHH) (1) . In IHH patients, several defects have been described in genes which encode for proteins with biological function in the gonadotropic axis, such as the gonadotropin releasing hormone (GnRH) receptor and the beta sub-units of LH and FSH (2, 3) (Fig. 1) . These genes were defined as natural candidates and these studies have described clinical repercussions of complete or partial congenital inhibition of the gonadotropic axis. In Kallmann syndrome, genome mapping has led to the characterization of defects in an unsuspected gene encoding for a protein with unknown function (4, 5) . This protein is involved in the olfactory bulb development and neuron chimiotactism (6) . In 2003, novel genetic defects were reported in fibroblast growth factor (FGF) receptor 1 (FGFR1) and GPR54, two different membrane receptors with previously described biological functions (7 -9) . Loss-of-function mutations of the FGFR1 were reported in Kallmann syndrome (8) whereas GPR54 inactivating mutations were described in the idiopathic form of hypogonadotropic hypogonadism (7, 9) . These studies provide new insights into the developmental biology of the GnRH neurons or the hormonal regulation of the gonadotropic axis. This review is focused on FGFR1 and GPR54 as the reader can find several general reviews on the other genes elsewhere (3, 4) .
Genetic heterogeneity of isolated hypogonadotropic hypogonadism
Since 1997 several loss-of-function mutations of the GnRH receptor have been described. The phenotype is a continuum between a complete gonadotropic deficiency and a partial deficiency called fertile eunuch in man (2). Phenotype-genotype correlation studies indicate that the phenotype is related to the functional alteration of the GnRH receptor (2) . A strong inhibition of the GnRH receptor results in a deep hypogonadism. However, variability of the phenotype has been observed in affected related subjects bearing identical mutations suggesting that environmental factors or modifier genes may influence the phenotype (10) . All reports confirm the absence of specific clinical features related to mutations of the GnRH receptor in hypogonadotropic hypogonadism patients.
The majority of IHH cases are sporadic (1) . Hypogonadism due to inactivating GnRH receptor (GnRHR) mutation is transmitted as a recessive trait. The frequency of GnRHR loss-of-function mutations is 50% in familial cases but this frequency drops below 10% in total cases comprising sporadic and familial cases (11) . This genetic heterogeneity was confirmed by linkage analysis in informative families (7, 12) . Thus the presence of other genes encoding for unsuspected or undiscovered proteins playing a major role in the gonadotropic axis was suggested.
The telomeric end of chromosome 19: a candidate region for IHH Discrimination of hypothalamic defects from pituitary defects remains difficult in puberty disease. Moreover, functional abnormality of hormones synthesized outside the brain, such as leptin, was also described in HH (13) . Animal models are not very informative as several differences in the initiation process of puberty have been described between rodent and primate. Genome mapping is one alternative to characterize new genes in such rare diseases. Highly detailed genetic maps combined with human genome sequencing databases have opened up new perspectives in the reproduction field. Simulation work has shown that one informative family with consanguineous parents may be enough to characterize a new genetic defect transmitted as a Mendelian trait (14) . Such an approach has been followed by two groups in idiopathic HH familial cases (7, 9) .
De Roux et al. studied a consanguineous family with five affected siblings (7) . The propositus was a 20-yearold man referred for hypogonadism with low LH and FSH plasma levels. A GnRH test showed a modest LH and FSH response. The bone age was fifteen years in the propositus. Other anterior pituitary hormones were normal. Three brothers had similar phenotypes and one sister was in primary amenorrhea with normal LH and FSH plasma levels (see Fig. 2 ). Puberty was normal in two sisters and one brother. The GnRH receptor gene was rejected by linkage analysis with anonymous markers from chromosome 4. A genome mapping performed with 300 anonymous genetic markers led to the localization of a new candidate region at the telomeric end of the short arm of chromosome 19. Fine mapping restricted this candidate region to a chromosome fragment of 2000 kb. A similar localization was reported by Seminara et al. in another informative family from Saudi Arabia showing high consanguinity (9) . The phenotype described was also limited to the gonadotropic axis with a normal sense of smell.
GPR54: an unsuspected candidate gene
More than forty genes or open reading frames are described within this candidate region which has one of the highest gene densities in the human genome. Several genes were potentially candidates such as the NR3B gene which encodes for a subunit of the N-methyl-Daspartate (NMDA) receptor (15) which is involved in the puberty initiation process (16) . EPLG3 is a protein playing a role in neuron migration (17) . Both genes were rejected by sequencing the coding sequence (7). GPR54 was another candidate gene. This receptor is a G-protein-coupled receptor first defined as an orphan receptor (18) . It was cloned by PCR with degenerated primers defined within transmembrane segments which are highly conserved in the G-protein-coupled receptor family. The choice of GPR54 as a candidate gene was mainly based on the gene expression pattern and one in vivo study. The GPR54 gene is expressed within the hypothalamus and the pituitary (19, 20) . The injection of KiSS-1 which was characterized as the ligand of GPR54 resulted in an increase in the oxytocin plasma level in mouse (21) . These results suggested a role for GPR54 in neuroendocrinology.
In the family described by the French group, PCR amplification of the 5 exons of the GPR54 gene from genomic DNA of the propositus clearly showed a shorter PCR product in the propositus when compared with unaffected patients (7) . This reduced length is due to a deletion of 152 nucleotides encompassing the 3 0 end of intron 4 and the 5 0 extremity of exon 5 which removed the acceptor splice site of intron 4. This deletion removed the C-terminal end of the receptor from the middle of the intracellular loop 3 to the end. It is well known that such truncated G-protein-coupled receptors (GPCR) are inactive. The genetic defects described in this family resulted in inactivation of GPR54.
At the same time, Seminara et al. showed that HH may be caused by inactivation of GPR54 in an HH familial case previously shown to be linked to the short arm of chromosome 19 (9) . In this family, the group characterized one homozygote L148S mutation of GPR54 in affected patients. Expression of the L148S-mutated GPR54 receptor in COS-7 cells has shown that this mutation abolishes phospholipase C stimulation by KiSS-1. By screening a cohort of 63 IHH and 20 Kallmann syndrome patients, they found www.eje.org two heterozygous mutations in one sporadic case. One mutation is a non-stop mutation at the stop codon 399. The second mutation substituted a stop codon at arginine 331. This patient was a compound heterozygote for these two mutations. Expression of both mutations in COS-7 cells confirmed that they both induce loss-of-function of GPR54.
These two genetic studies performed in the USA and in France demonstrated that isolated hypogonadotropic hypogonadism may be due to an inactivation of GPR54 in humans.
GPR54 invalidation in mice: a new model of isolated hypogonadotropic hypogonadism
The physiological role of GPR54 in the gonadotropic axis of mammals was definitively confirmed by its invalidation in mice. The phenotype observed in mice invalidated for GPR54 (GPR54 2 /2 ) was also limited to the gonadotropic axis (9) . At birth, sexual differentiation seems to be normal (22) . The phenotype observed at seven weeks of age showed that GPR54 2 /2 male mice have a reduced ano-genital length, small testes and micropenia. The GPR54 2 /2 female mice showed reduced volume of mammary glands, small ovaries and an infantile uterus. In both sexes, the sexual hormones, LH and FSH plasma levels are low. A GnRH test performed in GPR54 2 /2 mice at seven weeks showed a persistent but small increase in LH and FSH plasma levels (9).
These results suggest a normal expression of the GnRH receptor at the gonadotrope cell surface of the GPR54 2 /2 . The GnRH concentrations are similar in the hypothalamus extracts of GPR54 2 /2 mice when compared with wild-type mice. A normal phenotype was observed in the heterozygous GPR54 þ /2 mice. These genetic studies performed in two different genetic backgrounds have clearly confirmed the involvement of GPR54 in the regulation of the gonadotropic axis in mice. It suggested that GPR54 may act at the hypothalamic level but a role at the pituitary level cannot be ruled out.
We sequenced 250 DNA samples from IHH sporadic cases and familial cases. Three homozygous mutations were found in three familial cases and none in sporadic cases (M Comenge, A Iovane, C Aumas, M El-Kholi and N de Roux, unpublished results).
GPR54: a G-protein-coupled receptor with diverse functions
GPR54 is a 398 amino acids G-protein-coupled receptor with a short extracellular domain, seven transmembrane domains linked by extracellular and intracellular loops and an intracellular domain (18) . Potential N-glycosylation sites are present within the extracellular domain as well as phosphorylation sites within the intracellular domain. It shows 40% homology with the galanin receptors. It is mainly coupled to phospholipase C beta but it may also activate other transduction Figure 2 Pedigree of the hypogonadotropic hypogonadism due to GPR54 deletion (7).
pathways such as phospholipase A2 (21) . MAP kinases were shown to be activated by GPR54 in CHO cells (21) . These transduction pathways are implicated in GnRH regulation of LH and FSH synthesis and secretion (23) .
GPR54 cDNA has been cloned in human, rat and mouse, and in dano-rerio and amphioxus. GPR54 is thus expressed in invertebrates as well as vertebrates. However, the link between the gonadotropic axis and GPR54 in amphioxus is hypothetical as the existence of this hormonal axis is not confirmed in this invertebrate. GPR54 is expressed throughout the central nervous system (20) , the hypothalamus, the pituitary, the pancreas, and the prostate but the highest expression was observed in the placenta (19) (20) (21) . However, cells expressing GPR54 in brain need to be defined precisely.
The ligand of GPR54 is a 54 residue peptide (kisspeptide54) derived from KiSS-1 protein by a complex post-translational process (24) . KiSS-1 protein was characterized by substractive cloning and differential display in the C8161 melanoma cell line in which the cells have lost their metastatic potential after transfer of an intact copy of human chromosome 6 (25) . KiSS-1 expression was up-regulated in this metastasisdeficient chromosome 6/melanoma hybrid cell line. The KiSS-1 gene is localized on chromosome 1 (1q32). It was proposed that the KiSS-1 gene is transregulated by transcription factors encoded by genes localized within the human chromosome 6 (26) .
The predicted KiSS-1 protein consists of a 145 amino acid protein (25) (Fig. 3) . Protein amino acid sequence analysis has suggested several post-translational modifications as peptide signal sequences and three dibasic motifs representing potential cleavage sites by proconvertases. Mass spectrometry analysis of the GPR54 human ligand showed that it is a 54 amino acid peptide derived from the KiSS-1 protein (19 -21) . It was confirmed that kisspeptide54 results from proteolytic cleavages at dibasic sites (19, 21) . The C-terminal end of Kisspeptide54 is amidated on phenylalanine or tyrosine residues at RF or RY motifs. Several RF-amide peptides have already been described in insects but very few have been described in mammals.
Kisspeptide54 was first characterized by purification from placenta extracts (19, 21) and then from plasma of pregnant women (27) . Shorter forms of 14 or 13 residues were also described but they were considered as degradation products although both have a C-terminal RF-amidated motif (21) . The shortest form of the ligand leading to GPR54 activation is 10 residues in length. These shorter peptides have a higher affinity for GPR54 than Kisspeptide54 (21) .
Two specific antibodies have shown that kisspeptide54 is present in plasma at very low concentrations (fmol/ml) in both sexes (27) . The origin of this plasma kisspeptide54 remains unknown.
GPR54 invalidation in mice and natural loss-of-function mutations in humans have shown the role of GPR54 in the regulation of the gonadotropic axis. In the brain, GPR54 may act as a neuromodulator of the gonadotropic axis. This function may be considered as the main biological function of GPR54 in mammals. kisspeptides and GPR54 may act as physiological regulators of the cellular adherence or invasion. In placenta, GPR54 and kisspeptide10 are inhibitors of the trophoblast invasion by a paracrine or endocrine mechanism (28) . In vivo and in vitro experiments have shown that kisspeptides and GPR54 regulate the metastasis potential of melanoma and breast cancer cell lines (24) . This metastasis suppressor function was also suggested by clinical studies showing a correlation between a decrease in KiSS-1 gene expression in tumor cells and metastasis outcome in several cancers (29 -31) . This function in cellular adherence or invasion may be considered minor in normal tissue as normal development occurred in GPR54 2 /2 invalidated mice. However, in tumor cells, KiSS-1 or GPR54 may be one of the last factor which preserve tumor cells from metastasis.
Loss-of-function mutations of FGFR1 in Kallmann syndrome
Several mutations and deletions of the KAL1 gene have been described in the X-linked form of Kallmann syndrome (4, 5) . Autosomal-dominant as well as -recessive transmission have also been described (32) . Autosomaldominant transmission was proposed in families with incomplete penetrance for the gonadotropic deficiency. In several families, it was reported that relatives of the propositus with classic Kallmann syndrome may have isolated anosmia. Segregation analysis suggested that autosomal Kallmann syndrome is caused by at least two different autosomal gene defects.
Dode et al. studied two sporadic cases showing different contiguous gene syndromes that both included Kallmann syndrome (8) . They characterized two interstitial deletions within the short arm of chromosome 8. Fine mapping of the deletion led this group to define a new candidate region of 540 Kb for the autosomal Kallmann syndrome. The FGF receptor 1 gene was present in this candidate region; it was considered a candidate gene as FGF receptors are involved in olfactory bulb development (33) . Several heterozygous nonsense or missense mutations of FGFR1 were characterized in www.eje.org familial cases and sporadic cases (8) . Small deletions leading to frameshift of the coding sequence and synthesis of truncated FGFR1 were also reported. Several mutations substituted residues involved in the receptor folding or in signal transduction (8, 34) . This study led to the conclusion that autosomal Kallmann syndrome may be due to inactivation of the FGF receptor 1. The frequency is low and explains around 10% of the total cases of Kallmann syndrome (8, 34) . A constitutive mutation of the FGFR1 has been described in Pfeiffer syndrome which is a recurrent mutation that constitutively activates the FGF receptor 1 (35) . No abnormality of the gonadotropic axis was described in this syndrome.
The hypogonadism observed in KAL1 mutation is similar to the gonadotropic deficiency described in FGFR1 mutations. However, dental agenesis and cleft palate seem to be specific to FGFR1 loss-of-function mutations (34) . Unilateral renal agenesia was only reported in KAL1 mutation. Bimanual synkinesia is not specific to the X-linked Kallmann syndrome (8) .
The phenotype expressivity of congenital isolated HH is very variable. The phenotype may be limited to anosmia in subjects bearing FGFR1 loss-of-function or KAL1 mutations. Such variability may depend directly on olfactory bulb development (36) . However, variable gonadotrope deficiency was also reported in IHH cases due to loss-of-function GnRH receptor mutations (10, 37) . Further work is needed to determine whether similar environmental or modifier genes determine phenotype expressivity in Kallmann syndrome and congenital idiopathic hypogonadotropic hypogonadism.
Molecular genetics of the isolated hypogonadotropic hypogonadism: a panel of four genes
In Kallmann syndrome, hypogonadism is due to a GnRH neuron migration defect related to the absence of olfactory bulb development. The anosmia is thus constant, although it may be partial in some cases (38) . FGFR1 and KAL1 which are involved in olfactory bulb development should be analyzed in Kallmann syndrome. KAL1 gene analysis must be limited to male cases. FGFR1 gene should be genotyped in female or male cases. A dominant transmission of isolated anosmia as well as dental agenesis or cleft palate in the propositus will orient the analysis towards the FGFR1 gene.
In idiopathic HH due to GnRH receptor or GPR54 inactivating mutations, the fetal development of the GnRH neuron is normal and the hypogonadism is related to a defect in GnRH secretion or the pituitary response to GnRH stimulation. The phenotypes linked to GnRH or GPR54 loss-of-function mutations are similar and both gene defects are transmitted as recessive traits; these two genes should be analyzed in idiopathic HH.
Conclusion
Human genetics has opened up a new chapter in the physiology of the gonadotropic axis. Loss-of-function of GPR54 results in idiopathic hypogonadotropic hypogonadism. FGFR1 inactivation is described in autosomal Kallmann syndrome. GPR54 invalidation in mice indicates that GPR54 may regulate GnRH secretion by the hypothalamus or the pituitary response to GnRH stimulation. FGFR1 is involved in the development of the olfactory bulb. The high variability of the phenotype linked to loss-of-function mutations of FGFR1 suggests that modifier genes or environmental factors are involved in determining the phenotype. GPR54 is a G-protein-coupled receptor involved in the dynamic regulation of the gonadotropic axis. It may thus become a new pharmacological target to modulate FSH and LH secretion.
